In this paper, the non-linear dynamics of a new Shape Memory Alloy (SMA) actuator that possesses impressive payload lifting capabilities are presented. This actuator consists of 48 SMA wires mechanically bundled in parallel forming one powerful muscle. It was designed to lift up to 45.4 kg (100 lbs.), which is approximately 300 times its weight. This SMA actuator was tested in open loop experiments with different loads and different inputs, such as step, ramp, sinusoid, and half sinusoid, and its dynamic characteristics were evaluated. An important observation made during the dynamic analysis was the unpredictability of the actuator's response when low to moderate voltages were applied. This characteristic suggests possible chaotic behavior of the actuator, which could affect the system design and cause control difficulties in fine and high accuracy tasks. An investigation into chaos was conducted using time histories, phase plots, Poincaré maps, and power spectrum density plots. As shown in the diagrams presented in this paper, system response to sinusoidal inputs with a larger mean voltage is periodic, whereas lower mean voltages produce unpredictable responses that indicate chaotic behavior.
INTRODUCTION
The objective of this research is to develop a new generation of large-scale robotic manipulators that are strong, lightweight, compact, and dexterous. The key methodology in drastically reducing the weight of the manipulator is the use of Shape Memory Alloy (SMA) wires as actuators of the manipulator joints. SMA wires, such as Nickel-Titanium (Ni-Ti) wires, have the property of shortening when heated and thus are able to apply forces. This phenomenon, called the Shape Memory Effect (SME), occurs when the material is heated above a certain transition temperature changing its crystalline phase from martensite to austenite. Heating, and thus actuation, of an SMA wire is easily accomplished by applying a voltage drop across the wire causing current to flow through the material, resulting in joule heating. Ease of actuation is not the only advantage of SMA actuators. Other advantages are their incredibly small size, volume, and weight, their high force to weight ratio, and their low cost. Their limitations include the need for a large length of wire to create sizeable linear motion, and the small amount of absolute force obtained from one SMA wire.
Since 1983, SMA artificial muscles have been used in micro-robotics (Honma, Miwa, and Iguchi, 1985) . It was discovered, that artificial muscle motion could be controlled and that their small size and displacement was ideal for micro-robots, i.e. robots smaller than 1mm. In this context, SMA has been used in many different robotic systems as micro-actuators (Caldwell and Taylor, 1988; Fujita, 1989; Kuribayashi, 1986) . The use of SMA artificial muscles in large robotic systems has been very limited. The main reasons are the small strains and absolute forces that are produced.
Recently, we have developed design methodologies for SMA based actuators intended for use in large-scale robotic systems (Mosley, Mavroidis, and Pfeiffer, 1999; Mosley, 1999) .
These actuators can apply large forces and thus can be used to actuate the joints of macro-robotic mechanisms carrying heavy payloads. Large forces are achieved through "bundling" a set of SMA wires, which increases the amount of force obtained without sacrificing actuator bandwidth.
In this paper, the dynamics of such SMA bundle actuators are studied experimentally using a 48 wire SMA Bundle designed to lift up to 45.4 kg (100 lbs.) and actuated by a computer controlled electrical circuit. As far as the authors are aware, this is the first SMA wire bundle actuator with such force capabilities. In 1984, a SMA servo-actuator was designed using four SMA elements mechanically connected in parallel and electrically connected in series (Hirose, 1984) . The Flexinol wires that make up the bundle are fabricated from a Nickel-Titanium (Ni-Ti) alloy made by Dynalloy, Inc. Flexinol wires are manufactured such that they undergo a maximum length contraction of 8% and can apply a considerable amount of force compared to their weight. For example, based on the manufacturer specifications, a 150 µm (0.006 in.) diameter
Flexinol wire is capable of applying 3.24 N (0.728 lb f ) (Dynalloy Inc., 1998) . In order to determine the performance characteristics of the SMA wire bundled actuator, an instrumented test rig was designed and constructed. This setup was equipped with a load cell, linear displacement sensor, current and voltage sensors, and a thermocouple central to the bundle.
Open loop testing was conducted on the SMA Bundle with two different loads and four different inputs: step, ramp, sinusoid and half sinusoid. Four different parameters were measured during the experiments: SMA Bundle voltage drop, SMA Bundle current, SMA Bundle contraction, and air temperature at the center of the bundle. The data that was gathered during open loop testing of the actuator revealed interesting non-linear dynamic characteristics, such as saturation and a phenomenon resembling dry friction. In addition, it was observed that larger input voltages produced well-behaved and highly repeatable responses whereas lower voltages produced highly unpredictable responses. Due to the actuator's unpredictable behavior at the lower voltages, the possibility of chaos was investigated. The pronounced non-linearity that makes chaotic behavior possible is the significant hysteresis loops that occur as the material changes phase.
Chaos occurs when the motion of a deterministic physical and mathematical system shows sensitive dependence on initial conditions (Moon, 1992) . Chaotic behavior has been found both numerically and experimentally in many mechanical systems with non-linear elements (Moon and Shaw, 1983; Shaw, 1985; Shaw and Rand, 1989; Li et al., 1990; Peterka and Vacík, 1992; Lin and Ewins, 1993; Gu, Dubowsky and Mavroidis, 1998) . In this paper, chaotic dyna mics of a Shape Memory Alloy wire bundle actuator are investigated. Feng and Li (1996) also studied chaotic vibrations of Shape Memory Alloy actuated mechanical systems and found that stress induced phase transformation creates complicated non-linear dynamics and under certain forcing conditions, chaotic behavior can occur. In this paper, electrical stimulation creates a thermally induced phase transformation that under certain inputs results in possible chaotic behavior. Time histories, phase plots, Poincaré maps, and power spectrum density plots of the actuator response to sinusoidal inputs are presented. In high voltages, a deterministic periodic response is observed. However, in low voltages, all of the types of diagrams show unpredictable results and suggest the existence of chaos.
PRINCIPLES OF SMA BEHAVIOR
Shape memory alloys consist of a group of metallic materials that demonstrate the ability to return to some previously defined shape or size when subjected to the appropriate thermal procedure. This phenomenon is known as the Shape Memory Effect (SME). Some examples of 5 these alloys are Ag-Cd, Au-Cd, Cu-Al-Ni, Cu-Sn, Cu-Zn-(X), In-Ti, Ni-Al, Ni-Ti, Fe-Pt, Mn-Cu, and Fe-Mn-Si. The SME occurs due to a temperature and stress dependent shift in the material's crystalline structure between two different phases called martensite and austenite. Martensite, the low temperature phase, is relatively soft whereas Austenite, the high temperature phase, is relatively hard. For a simple example of the SME in action, consider the following. If a straight bar of some SMA in its austenitic (high temperature) phase is allowed to cool below the phase transition temperature, the crystalline structure will change to martensite. If the bar is subsequently plastically deformed, by say bending, and then reheated above the phase transition temperature, it will return to its original straight configuration. In order to understand this phenomenon, it is useful to consider the highly simplified two-dimensional representation of the material's crystalline arrangement shown in Figure 1 . Each box represents a grain of material with its corresponding grain boundaries. The grains form a heavily twinned structure, meaning they are oriented symmetrically across grain boundaries. The twinned structure allows the internal lattice of individual grains to change while still maintaining the same interface with adjacent grains. As a result, shape memory alloy can experience large macroscopic deformations while maintaining remarkable order within its microscopic structure. For example, if a piece of SMA starts as austenite (Figure 1a ), the internal atomic lattice of each grain is cubic creating grains with more or less right angles. If it is now allowed to cool below the phase transition temperature, the crystalline structure changes to martensite ( Figure 1b ) and the grains collapse to the structure represented by the diamonds. Note that the grains lean in different directions for different layers. Now, if sufficient stress is applied, the martensitic structure represented in Figure 1b will start to yield and "de-twin" as the grains re-orient such that they are all aligned in the same direction ( Figure 1c ). This behavior can be better understood by examining a simplified stress-strain curve for the martensite phase ( Figure   2 ). For small stresses, the structure represented in Figure 1b behaves elastically (region 0 to 1).
At 1, the material yields and de-twinning occurs between 1 and 2. At 2, the martensitic structure is entirely de-twinned as represented by Figure 1c . Now, a second elastic region occurs from 2 to 3. At 3, permanent plastic deformation begins that is not recoverable by the SME. The change that occurs within a SMA's crystalline structure during the SME is not a thermodynamically reversible process. In other words there is energy dissipation due to internal friction and creation of structural defects. As a result, a temperature hysteresis occurs which is illustrated in Figure 3a . Starting at 1, the material is 100% martensite. During heating, the martensite/austenite composition follows the lower curve. When the temperature reaches A S , austenite begins to form. Austenite continues to form until temperature A F is reached and the material is 100% austenite. If cooling occurs from 2, the material composition follows the upper curve. When the temperature drops to M S , martensite begins to form and continues to form until temperature M F is reached. Now the material is back to its starting condition -100% martensite.
This temperature hysteresis translates directly into hysteresis in the strain/temperature relationship (see Fig 3b) . The hysteresis behavior makes it challenging to develop modeling and control schemes for SMA actuators. For a given SMA, the hysteresis is dependent on the composition of the alloy and the manufacturing processes. Most shape memory alloys have a hysteresis loop width of 27.8 to 67.8°C (50 to 122 ºF), with the exception of some wide hysteresis alloys used for joining applications such as couplings. Additional information on the principle of operation of shape memory alloys can be found in Toki Corporation (1987 ), Waram (1993 and Mavroidis, Pfeiffer and Mosley (2000) . Developing a mathematical model that captures the behavior of a shape memory alloy as it undergoes temperature, stress, and phase changes is a complicated and challenging problem.
Researchers continue to study how best to model and control actuators that use this unique fa mily of materials. Gorbet and Wang (1998) provide an excellent summary of SMA actuator mo deling efforts to date. Some researchers have chosen to greatly simplify the material's behavior by creating a dynamic model where the phase transition temperature is the same for heating and cooling, completely ignoring the effects of the large hysteresis. Kuribayashi (1986) took the next step and developed a linear first-order model that estimates the hysteresis in the stress-strain behavior.
To improve the accuracy, the model must be non-linear. The complete model must capture the major hysteresis loop that occurs for changes from 100% martensite to 100% austenite (and vice versa) as well as the minor hysteresis loops that occur in between. Minor hysteresis loops are inherent in position control systems where heating and cooling cycles back and forth as the control system holds the actuator at the desired position. Ikuta et al. (1991) developed a novel "variable sublayer model" where, at a given time, the percentages of the different phases (including the intermediary Rhombohedral phase) are mathematically described. As a result, for a given load, strain in the wire can be calculated from corresponding weightings of the respective strains of the different phases. Ikuta's work provided a basis for all non-linear models to date.
Madill and Wang (1998) developed extensions to the Ikuta's variable sublayer model that refined the modeling of the minor hysteresis loops making it more suitable for dynamically modeling position control systems where electricity is the source of heating.
The complexity of the SMA models described above makes it difficult to mathematically design controllers for SMA actuated robotic systems. This is a very difficult problem to solve for three main reasons: a) SMA actuators present non-linear dynamics and thus are best controlled by non-linear controllers; b) it is very difficult to exactly specify the condition of the SMA material and the environment; c) the full range of motion of a SMA actuated system occurs over a small temperature band making the system very sensitive to environmental temperature changes and changes in convective heat transfer. Despite the modeling difficulties, researchers have produced some very important results after applying several different controllers. Classical PI, PD, and PID controllers have been studied by Madill and Wang (1998) , Reynaerts and Van Brussel (1991) , Ikuta et al. (1988) . A PI controller including a temperature feedback has been studied by Troisfontaine et al. (1997) . A variable structure controller has been studied by Grant and Hayward (1997) .
EXPERIMENTAL SETUP AND PROCEDURES
The SMA Wire Bundled actuator, shown in Figure 4 , was constructed consisting of 48, Refer to (Mosley, 1999) for a detailed description. The Power Supply for bundle actuation was a
Tellabs 48 V (nominal), 10 amp DC power source. The 480 Watt supply provided much greater power than was necessary to actuate the bundle. However, it provided a sufficient range of current and voltage to experiment with different parallel path arrangements.
The control and instrumentation unit contains the necessary circuitry to control the raw voltage from the power supply. Additionally, it includes the sensors, meters, and wiring needed to measure and display force, bundle displacement, current, voltage, and air temperature within the bundle. This unit also provided the required connection ports to receive input signals from and send data to the PC. The raw voltage from the power supply was controlled using a custom designed operational amplifier circuit. The custom circuitry was based around a Burr Brown OPA 512 Power Operational Amplifier. The gain of the amplifier was set to 10 so that a 0 to 5 V input signal resulted in 0 to 50 V applied to the SMA Bundle.
The PC, a 350 MHz Dell, served two main purposes. First, it sent the input/control signal to the operational amplifier circuitry. Second, it was used to record sensor data. To achieve these two purposes, the PC was equipped with a Datel model PC-412 Analog to Digital and Digital to Analog converter board. Our real time control and data acquisition Windows NT based software named WinReC V.1, was used for sending input signals to the experimental setup and the retrieval of data (Lee and Mavroidis, 2000) . , 1996) was used to smooth noise in the current data.
In this paper, experimental results from the step and sinusoidal input signals are presented. These experiments studied very closely two states of this system, which are the position and velocity of the SMA actuator end-effector. These states are the most important from the robotics point of view and they are the output state variables of the SMA actuator system. Since the end-effector of the SMA actuator is the point of the actuator that will be attached to a robot joint to activate the moving link then the dynamic behavior of these two states will affect the dyna mics of all the robotic system and not only the actuator. Certainly the dynamics of the SMA actuator system are described by more states that will be taken into account in our future work that will study the development of a complete dynamic model for such SMA bundle actuators.
SMA WIRE BUNDLE ACTUATOR STEP RESPONSE
Step input signals of various magnitudes were sent to the SMA Bundle. For these experimental runs, the initial tension in the bundle was established as 44.5 N (10 lb f ). A complete set of data for three different step input signals with a 5 kg load is displayed in Figure 5 . These plots show important information about the performance of the SMA Bundle. Examining the bundle current plot, one sees a significant increase in amperage during bundle contraction. This Step Input Response, 5 kg load d) A saturation phenomenon was observed for large voltages. It was also clear that when operating near the maximum deflection, a large increase in the step voltage (and the corresponding current) resulted in only a very small increase in contraction. Comparing the contraction for the 18 and 25 volt curves, which generate 2.2 and 3.2 amps respectively, the difference in deflection was only 0.762 mm (0.03 in.). One can conclude that to improve efficiency, the bundle should be operated in a region somewhat below the maximum contraction. e) A very slow decay occurred toward the initial configuration once the step input ended.
The decay occurred sooner for the lower step voltages.
f) The loss of efficiency when operating near maximum contraction was evident in the air temperature plot. Comparing the temperature curves for the 20 and 25 volt step inputs, there was a much higher temperature peak for the 25 volt curve. However, this higher temperature did not result in increased contraction. In other words, a significant amount of thermal energy was wasted since it was not converted into mechanical work. g) Although not fully shown in the contraction versus time plot, the contraction of the bundle did not return to 0 after the input voltage is dropped to zero. It turns out that the 5 kg load did not provide enough restoration force to fully stretch out the bundle as it transformed from austenite back into martensite. Instead, the contraction as a function of time approached an asymptotic positive value. To ensure constant initial conditions for the experiments with the 5 kg load, a 12.5 kg f restoration force was applied to the bundle prior to each new experimental run.
Similar step input signals were applied to the SMA Bundle with a 12.5 kg load. The resulting plots had similar characteristics to those where the load was 5 kg. Comparing contraction plots for the same input signal and different loads provides some interesting information. Figure   6 shows the contraction of the bundle due to a 20 volt step input with the two different loading conditions. (Note that the voltage was maintained for a shorter period of time for the 5 kg load.
This was done to capture the decay of the contraction when the input voltage was dropped to 0.) As expected, the contraction is greater and more rapid for the lighter load, and the contraction decay following removal of the input signal is slower for the lighter load. For the same 20 volt step input signal, contraction begins earlier when the load is 5 kg than when the load is 12.5 kg. This can be explained by considering the two opposing strains that exist in an SMA wire that is contracting under load. There is a negative strain due to the shape memory effect and there is a positive strain due to elasticity:
where ε SMA Bundle is the net strain of the entire actuator (sign is negative), ε SME is the strain due to the shape memory effect (sign is negative), and ε E is the elastic strain due to the change in bundle tension (sign is positive). Examining the dynamics of the experimental setup, the free end of the SMA Bundle starts to move when the tension in the bundle rises from the pre-loaded tension to the weight of the load. In the form of an equation, a gravitational load of constant value P starts to move when:
where A is the crossectional area of the SMA Bundle and E is the elastic modulus of the SMA material. Until this equilibrium point is reached, the elastic strain cancels the strain due to the shape memory effect. So, for the larger load, more shape memory strain is needed to cancel the elastic strain. As a result, there is a longer delay before the load starts to move.
While most of the open loop results under step inputs presented here verify similar results
presented in the literature for other SMA actuators (Grant and Hayward, 1997) , a new phenomenon was observed. The system's response was unpredictable when step inputs of relatively low magnitude were applied. This phenomenon would have a degrading effect on the performance of controllers proposed for robotic systems driven by such SMA Bundle actuators where very small amplitudes and very fine, high accuracy tasks are desired. Such unpredictability in system response due to certain input signals suggests possible chaotic behavior. The unpredictability is clearly illustrated in Figure 7 , which shows the bundle contraction due to a range of step inputs from 14 to 20 volts with a 12.5 kg load.
For steps of magnitude less than 14 volts, there was no measurable contraction. For step inputs with magnitudes over 20 volts, the contraction as a function of time shows the wellbehaved response already discussed. In between, the response was quite unpredictable. For example, the 17 volt step input produced considerably less contraction than did the 16.5 volt input.
In order to further investigate this complex behavior, a repeatability test was performed for a 16 volt step input with a 12.5 kg load. A total of 8 runs were performed with exactly the same input signal and load. The only variable was the time interval between each successive run.
Runs 0 through 5 were performed with a one-minute break between each run. The break between runs 5 and 6, and 6 and 7 was 15 minutes. The resulting bundle contraction versus time plots are shown in Figure 8 . For runs 0 through 5, the greatest contraction was achieved during the first run. For runs 1 through 5, the maximum contraction decreased to less than 20% of the first run.
The longer pause before runs 6 and 7 somewhat restored the response. Although this behavior must be further investigated, it is most likely due to differences in the exact phase condition of the SMA wire at the initiation of a run. Runs performed closer together may not allow a complete shift from austenite back to martensite. 
SMA WIRE BUNDLE ACTUATOR SINUSOIDAL RESPONSE
For the sinusoidal testing, the SMA Bundle was pre-tensioned to the weight of the load (12.5 kg f (27.5 lb f )) in order to eliminate the effect of elastic strain on bundle contraction readings. Similar to the response for step inputs, sinusoidal inputs produced predictable responses for comparatively high input voltage ranges and very unpredictable responses for lower input voltage ranges. For example, as shown in Figure 9 , a well-determined behavior occurs for a 1 Hz sinusoidal input voltage with a 20 volt mean and 5 volt amplitude. Here, bundle contraction rapidly climbs and then stabilizes to an oscillation around approximately 1.27 cm (0.5 in.). In contrast, the same input signal with a 5 volt lower mean produces a highly unpredictable response (see Figure 10 ). In order to further investigate the unpredictable and potentially chaotic behavior of the SMA Bundle response, sinusoidal input signals were sent to the bundle for longer periods of time and time histories, phase plots, Poincaré Maps, and power spectrum density plots were constructed from the resulting data. Figure 11a shows the well-behaved bundle contraction in response to a 1 Hz sinusoidal input signal with an 18 volt mean and 5 volt amplitude for four dif-ferent runs. Figure 11b shows a representative phase plot for one of the four experimental runs.
(A complete set of plots can be found in Mosley, 1999 .) The trajectories of the orbits converge nicely to a tight pattern in phase space and are repeatable. Four, Poincaré maps were constructed for each experimental run and a representative map is shown in Figure 11c . Data for the maps were sampled at the same frequency as the input signal (1 Hz). Sampling times were chosen as t n = nT + τ, where T is the period (1 sec). To define the data for the four plots, τ was chosen as 0, T/4, T/2, and 3T/4. This method resulted in 96 data points for each Poincaré map. For the wellbehaved example shown in Figure 11c , the points converge to a tight area on the plot showing the periodic nature of the response. Power spectrum density plots were constructed for each time history shown in Figure   11a . These plots were generated using the Welch method for spectral estimation through the Inc., 1996) . All four plots were generated with the following parameters: nfft = 2048, Fs = 125, window = 2048 (Hanning window), and noverlap = 1024. A representative power spectrum density plot is shown in Figure 11d . In this plot, the highest peak occurs at 0 Hz, which represents the gross motion of the actuator as it contracts. The next highest peak occurs at 1 Hz, which is the dominating frequency for the finer motion of the actuator. As expected, this peak corresponds to the input frequency. There is a peak at 2Hz, which is an harmonic of the input frequency and a significant peak at about 18.7 Hz, representing the lowest natural frequency of the SMA Bundle. Figure 12a shows an unpredictable response to a 1 Hz sinusoidal input signal with a 15 volt mean and 5 volt amplitude. This experiment was run four different times, and each time, a significantly different response was obtained. Additionally, for each run, the amplitude of the response varied considerably during the experiment. Note that with the exception of a 3-volt reduction in mean voltage, the input signal is identical to the one that generated the well behaved response shown in Figure 11a . A representative phase plot is shown in Figure 12b . Here the orbits are open, not repeatable, and suggest possible chaotic response. Poincaré maps were constructed with the identical sampling method as previously discussed. A representative map is shown in Figure 12c . Unlike Figure 11c , here the map forms a much less structured pattern and appears as a cloud of unorganized points. This also points to chaotic behavior. Power spectrum density plots for each of the four time histories in Figure 12a were generated using Matlab ® (as described above) and a representative plot is displayed in Figure 12d . The Power spectrum desity plot in Figure 12d contains all the frequencies shown in Figure 11d . However it contains two new distinguishable peaks at 3 and 5 Hz. Moon (1992) , pages 55 and 58, describing the frequency spectrum plots, points out that if changes in the spectrum of frequencies occur as one varies some parameters such as the driving amplitude then this may indicate chaos. In this case a small change in the mean value of the amplitude of the input voltage (from 18V to 15V) creates two new distinguishable frequency peaks and this is another indication for chaotic behavior. 
DISCUSSION
The non-linear dynamics of a new Shape Memory Alloy (SMA) actuator composed of 48 SMA wires bundled in parallel and able to lift 45.4 kg (100 lbs.) were presented. Open loop tests with a set of step inputs were shown. These tests revealed, among other non-linear phenomena, an unpredictability of the actuator response for the same input. This non-linear behavior was further investigated through studying actuator response to sinusoidal input signals. The data obtained was analyzed using time histories, phase plots, Poincaré maps, and power spectrum density plots revealing potentially chaotic behavior for certain input signal parameters.
The unpredictable and possible chaotic behavior of SMA-based actuators under certain low to moderate voltage inputs is a new phenomenon that is being observed in this work. A similar phenomenon has been reported by Feng and Li (1996) who studying a simpler SMA system subjected to force inputs found that it can exhibit complex non-linear dynamics under low to moderate inputs. This phenomenon can have important implications in the design and control of SMA actuated systems. In many applications, SMAs are used in on-off or open loop tasks. In these cases, if the input to the actuator is a low to moderate voltage, the response may take any value within a large range because of the unpredictability. In such cases, the system will not perform its task through the way it was designed. In model-based closed loop control schemes, models of the SMA actuator are used to provide position feedback. If these models do not take into account the unpredictable behavior of the system, they will result in false information. Finally, in sensor-based closed loop controllers, the unpredictable behavior of the SMA actuator will not affect the performance of the controller on its output. However, it will affect the level of voltage required achieving a certain desired input. The unpredictable behavior of the SMA actuator will require large voltage variations to perform the same task. If for a certain sys-tem, a power supply has been designed using model based design analyses that did not take into account the unpredictable behavior, the power supply may not be able to provide the required control input.
There are many possible explanations for this unpredictable behavior and extensive numerical and experimental studies need to be performed in the future to identify the source of chaos. The overall behavior of this system is a combination of electrical, thermal, and mechanical responses. The first reason for the complex non-linear dynamics is the existence of hysteresis loops in SMA behavior. Second, the resistance of the Flexinol wires changes depending on the ratio of austenite to martensite. This ratio is not only determined by the temperature of a certain location in a certain wire, but also by the stresses in the wire. The stresses in each wire that makes up the bundle vary due to differences between wire temperatures and imperfections introduced during bundle construction. Another possible contributor to the unpredictability is thermal conditions. Application of an input voltage results in heating of the wires and thus the air within the SMA Bundle. The column of heated air rises due to natural convection introducing cooler air, which changes the wire temperatures in a highly non-linear fashion. Researchers such as Libchaber and Maurer (1978) have shown that natural convection can exhibit chaotic behavior. It is possible that the chaotic nature of natural convection results in chaotic heat transfer causing chaotic temperature changes in the Flexinol wires. Finally, this unpredictable behavior can be explained by simple hypersensitivity to extremely small thermal and air flow disturbances. Even though the experiments were conducted under the same environmental conditions, it may be that extremely small variations resulted in large differences in the system response. Research on SMA actuators by Kuribayashi showed that the contraction of an SMA wire from approximately 20 to 60% of its full displacement occurs over a very small temperature range (Kuribayashi, 1986) . As a result, when voltages are applied to the SMA Bundle that produce wire temperatures in or near this temperature range, minor changes in natural convection heat transfer can cause large changes in bundle contraction.
In our future work we will focus on further investigating the chaotic behavior of the actuator. Numerical simulations will be developed to emulate the unpredictable behavior under the same input. A specially designed chamber is currently being fabricated to provide a temperature and air flow controlled environment. Experiments in the chamber will guarantee disturbance free experimental conditions. A parametric study will be performed to identify parameters that contribute to the chaotic behavior. Other than the voltage and loading conditions that have been identified as playing an important role in the chaotic behavior of the actuator, parameters such as current and system geometry may also affect the system performance. Finally, closed loop position and force control algorithms will be developed. Preliminary closed loop control experiments that we performed using a PID based controller with the addition of an input shaping function showed that the SMA Bundle actuator was able to maintain a steady state error within ± 0.004 in.
(0.1 mm) for linear motion .
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